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I n t r o d u c t i o n  

Coal i s  a complex m i x t u r e  o f  o rgan ic  and i n o r g a n i c  m a t e r i a l s .  
i no rgan ic  p o r t i o n ,  t h e  minera l  m a t t e r ,  u s u a l l y  makes up a s i g n i f i c a n t  
p o r t i o n  o f  a c o a l ' s  composi t ion.  The con ten ts  vary  f rom seam-to-seam b u t  
cdn be as h i g h  as 32 we igh t  percent ,  w i t h  an average o f  15 we igh t  
pe rcen t  f o r  Nor th  American coa ls .  M ine ra l  m a t t e r  a c t s  as a d i l u e n t  and 
i s  c l e a r l y  undes i rab le  i n  m in ing  and t r a n s p o r t a t i o n .  It i s  a l s o  t h e  cause 
o f  many problems w i t h i n  a combustor, such as gaseous and p a r t i c u l a t e  
emissions, f o u l i n g ,  s lagg ing ,  co r ros ion ,  and e ros ion .  Wi th  t h e  inc reased 
usage o f  coa l  t o  f u l f i l l  t h e  n a t i o n ' s  and the  w o r l d ' s  energy 
requirements,  h i g h e r  m ine ra l  con ten t  c o a l s  w i l l  p l a y  a more s i g n i f i c a n t  
r o l e  i n  the  f u t u r e .  There fore ,  i t  has become i m p o r t a n t  t o  unders tand 
t h e  behav io r  o f  t he  minera l  m a t t e r  and i t s  consequences i n  coa l  
u t i 1  i z a t i o n  systems. 

I n  t h i s  r e p o r t  we d iscuss  t h e  a p p l i c a t i o n  o f  complex thermochemical 
c a l c u l a t i o n s  t o  t h e  study o f  minera l  m a t t e r  behav io r  d u r i n g  the  
combustion o f  p u l v e r i z e d  c o a l .  I n  p r i n c i p l e ,  one can s p e c i f y  the  
c o n d i t i o n s  o f  combustion (e.g., temperature,  t o t a l  p ressure ,  and oxygen 
p a r t i a l  p ressu re )  and then c a l c u l a t e  t h e  chemical e q u i l i b r i u m  between 
r e a c t i o n s  i n v o l v i n g  a l l  o r  se lec ted  f r a c t i o n s  o f  t h e  elements found i n  a 
coal  p a r t i c l e .  These c a l c u l a t i o n s  may be used t o  p r e d i c t  t h e  ash and 
gaseous species formed d u r i n g  combustion. P r a c t i c a l  problems such as 
submicron f l y  ash fo rmat ion ,  depos i t  f o rma t ion ,  f o u l i n g ,  and c o r r o s i o n  
may be addressed i n  t h i s  manner. An unders tand ing  o f  t he  fo rma t ion  o f  
chemical  species and the  e f f e c t s  o f  changes i n  o p e r a t i n g  parameters and 
system chemis t ry  on s t a b i l i t y  ranges shou ld  a i d  i n  i d e n t i f y i n g  c o n t r o l  
s t r a t e g i e s  t o  combat harmful  species.  B a s i c a l l y ,  one i s  seek ing  t o  
improve and c o n t r o l  the  thermochemical environment o f  t h e  coa l  p a r t i c l e  
by the  proper  s e l e c t i o n  o f  o p e r a t i n g  parameters c o n d i t i o n s  and chemical 
c o n s t i t u e n t s .  

A t  t he  ou tse t ,  one m igh t  ques t i on  the  a p p l i c a t i o n  o f  e q u i l i b r i u m  
c a l c u l a t i o n s  t o  a nonequ i l i b r i um process such as coa l  combustion. There 
migh t  no t  be t i m e  f o r  chemical e q u i l i b r i u m  t o  be a t t a i n e d ,  and t h i s  i s  
p s r t i c u l d r l y  t r u e  where the  r e a c t a n t s  a re  l a r g e  p a r t i c u l a t e s .  
E q u i l i b r i u m  c a l c u l a t i o n s  shou ld  be cons idered dn i m p o r t a n t  f i r s t  step, 
t o  be f o l l o w e d  by an examinat ion  and i n c o r p o r a t i o n  o f  k i n e t i c  aspects.  
That i s ,  educated guesses must be made concern ing  t h e  r e a c t i v i t y  and 
re lease  o f  chemical  c o n s t i t u e n t s  o f  t he  coa l .  K i n e t i c  f a c t o r s  may be 
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i n t roduced  by s p e c i f y i n g  the  chemical s t a t e  o f  t he  c a l c u l a t i o n ,  which 
may d i f f e r  cons ide rab ly  f rom the  t o t a l  coa l  chemis t r y .  Even i f  
e q u i l i b r i u m  c o n d i t i o n s  e x i s t e d ,  u n c e r t a i n t i e s  and v a r i a t i o n s  i n  the  
c a l c u l a t e d  r e s u l t s  may be i n t roduced  by a number o f  f a c t o r s .  
paper we address t h e  impact o f  t h r e e  p o t e n t i a l  sources o f  e r r o r  on 
minera l  m a t t e r  c a l c u l a t i o n s ,  namely: 1 )  e r r o r s  i n  t h e  data, 2 )  
s e l e c t i o n  o f  species,  and 3 )  s o l u t i o n  fo rmat ion .  

I n  t h i s  

COMPLEX EQUILBRIUM CALCULATIONS 

Numerous methods have been r e p o r t e d  f o r  comput ing complex thermodynamic 
e q u i l i b r i a ,  b u t  a l l  methods a r e  based on t h e  methods o f  B r i n k l e y ( 1 - 2 )  
o r  White, Johnson, and D a n t z i g ( 3 ) .  
f o r m u l a t i o n  o f  independent chemical  r e a c t i o n s  and t h e  simultaneous s o l u t i o n  o f  
e q u i l i b r i u m  cons tan t  express ions .  A s u p e r i o r  approach, f i r s t  suggested by 
White e t  a1 . (3 ) ,  i n v o l v e s  t h e  computa t ion  of t he  compos i t ion  t h a t  
min imizes  the  Gibbs f r e e  energy o f  t he  system. 

A number o f  independent computer programs t o  c a l c u l a t e  complex 
e q u i l i b r i a  by f r e e  energy m i n i m i z a t i o n  have been developed over  t h e  
yea rs (4 -7 ) .  P. major s tep  f o r w a r d  was taken by Er ickson(8-10)  i n  h i s  
development o f  codes c a l l e d  SOLGAS and SOLGASMIX. These codes a r e  
capable o f  hand1 i n g  systems c o n t a i n i n g  mu1 t i p l e  condensed phases, i d e a l  
and non idea l  s o l u t i o n s ,  and m i x t u r e s  a t  cons tan t  t o t a l  p ressure  and 
temperature.  Bessman(l1) m o d i f i e d  SOLGASMIX t o  hand le  the  a d d i t i o n a l  
case o f  e q u i l i b r i a  a t  cons tan t  gas volume and v a r i a b l e  pressure;  h i s  
ve rs ion  i s  c a l l e d  SOLGASMIX-PV. 
SOLGASMIX-PV and i n t e r f a c e d  i t  w i t h  CHEMKIN(13) t h a t  a l l ows  users  a t  
Sandia N a t i o n a l  L a b o r a t o r i e s  t o  share t h e  v a s t  thermochemical da ta  base 
a l ready  a v a i l a b l e  a t  Sandia. 

Whi le the  e q u i l i b r i u m  s t a t e  o f  a complex chemical  system i s  unique, t he re  
i s  no guarantee t h a t  a l l  f r e e  energy m i n i m i z a t i o n  codes w i l l  p rov ide  
t h e  same answer. The Gibbs f r e e  energy su r face  may i n  f a c t  c o n s i s t  o f  a 
number o f  l o c a l  minima; thus ,  a f r e e  energy m i n i m i z a t i o n  r o u t i n e  cou ld  
i s o l a t e  on a l o c a l  minimum r a t h e r  than the  grand minimum. D i f f e r e n t  
numerical  a lgo r i t hms  and convergence c r i t e r i a  se lec ted  f o r  t h e  i t e r a t i v e  
methods o f  f r e e  energy m i n i m i z a t i o n  ahd d i f f e r e n t  programming s t r u c t u r e s  
may a lso  l e a d  t o  c o n f l i c t i n g  r e s u l t s .  Fo r  example, M i n k o f f ,  Land, and 
B l a n d e r ( l 4 )  have shown t h e  NASA CEC code(4)  t o  be incapab le  o f  converg ing  
on a s o l u t i o n  when minor amounts o f  condensed phases are  p resen t  i n  
d e l i c a t e  balance. By u s i n g  a p r i m a l  geometr ic programming approach, 
Minkof f  e t  a1 . (14 )  were a b l e  t o  e l i m i n a t e  convergence problems. Another 
cause o f  i n a c c u r a t e  r e s u l t s ,  perhaps t h e  most obvious, i s  erroneous 
thermochemical da ta  o r  poor da ta  r e p r e s e n t a t i o n  ( cu rve  f i t t i n g  o f  t he  
da ta ) .  

A semian th rac i te  coa l  compos i t i on  ob ta ined  f rom t h e  Penn S i a t e  Cod1 Data 
Base (PSOC #627) was used i n  t h i s  study. The chemical  compos i t ion  o f  
t he  coa l  i s  shown i n  Table I .  A c a l c u l a t i o n  was c a r r i e d  o u t  i n  which 
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t h i s  coa l  was reac ted  w i t h  20 pe rcen t  excess oxygen a t  a p ressure  o f  one 
atmosphere over a temperature range o f  1000 t o  2000 K .  
cons idered i n  the  c a l c u l a t i o n  a re  g i ven  i n  Table 11. Thermochemicdl da ta  
f o r  these species were taken from JANAF(15). The sod ium-conta in ing  
species p r e d i c t e d  t o  f o r m  i n  the  gas phase d u r i n g  combust ion a re  shown 
i n  F i g u r e  1. The major species were NaC1, NaOH, and Na, w i t h  NaOH 
dominat ing  a t  h i g h  temperatures.  
l e s s e r  concen t ra t i ons  w i t h  a maximum peak a t  1400 K .  The condensed 
phases p r e d i c t e d  t o  be p resen t  a re  shown i n  F i g u r e  2. 
condensed-phase species formed was S i02  a t  a l l  temperatures.  Below 
1400 K ,  2 mole Percent  Na2SO was observed as the  o n l y  o t h e r  
phase. 
(Na2Si205). 

The purpose o f  t h e  c a l c u l a t i o n s  desc r ibed  above i s  n o t  t o  i d e n t i f y  ash 
fo rma t ion  and depos i t  f o rma t ion  mechanisms; r a t h e r ,  we w i l l  use t h e  
r e s u l t s  i n  F igu res  1 and 2 as a b a s e l i n e  f rom which we w i l l  i l l u s t r a t e  
t h e  e f f e c t s  o f  e r r o r s  i n  the  data,  t h e  number o f  species cons idered i n  
t h e  c a l c u l a t i o n ,  and s o l u t i o n  e f f e c t s .  

The spec ies  

Na2s04 i s  p r e d i c t e d  t o  form i n  

The p r i n c i p l e  

Above 1400 K ,  t h e  s u l f a t e  was rep laced  by sodium s i l i c a t e  

EFFECTS OF V A R I O U S  CALCULATIONAL FACTORS 

E r r o r s  i n  =Thermochemical Data 

The q u a l i t y  o f  the  thermochemical da ta  used i n  c a l c u l a t i o n s  a r e  o f t e n  
n o t  eva lua ted  when computat ional  codes a re  used. Our ie ,  M i lne ,  and 
S m i t h ( l 6 )  i n  t h e i r  study o f  s a l t  d e p o s i t i o n  f rom hydrocarbon flames, 
showed a change o f  o n l y  a few kca l /mo l  i n  t h e  f r e e  energy o f  f o rma t ion  
o f  a species r e s u l t e d  i n  a s i g n i f i c a n t  rearrangement i n  t h e  r e l a t i v e  
p r o p o r t i o n s  o f  depos i ted  phases. However, one cannot  g e n e r a l i z e  D u r i e ' s  
observa t ions  because the  e f f e c t  o f  a change i n  t h e  f r e e  energy w i l l  va ry  
f rom s i t u a t i o n  t o  s i t u a t i o n ,  depending upon the  number o f  chemical  
c o n s t i t u e n t s ,  t h e i r  thermodynamic s t a b i l i t i e s ,  and t h e i r  r e l a t i v e  
concen t ra t i ons .  

To i l l u s t r a t e  the  e f f e c t  of e r r o r s  i n  t h e  data on coa l  combust ion 
c a l c u l a t i o n s ,  l e t  us examine the  s e n s i t i v i t y  o f  t h e  r e s u l t s  t o  the  f r e e  
energy of Na2S04. F i g u r e  3 shows t h e  p r e d i c t e d  d i s t r i b u t i o n  o f  
t he  sodium c o n t a i n i n g  spec ies  i n  t h e  gas phase i f  the  f r e e  energy o f  
Na2s04 i s  reduced by 1 pe rcen t  ( i . 2  k c a l  ). 
curves e x h i b i t  t he  same q u a l i t a t i v e  behav io r  as those on F i g u r e  1. 
f a c t ,  except  f o r  t he  Na2s04 curve, a l l  s e c i e s  were v i r t u a l l y  
una f fec ted  by the  f r e e  energy change. Tge abso lu te  amount o f  
Na2s04 i s ,  o f  course, reduced. 

The magnitude o f  t he  change i s  b e t t e r  i l l u s t r a t e d  i n  F i g u r e  4, where the  
e f f e c t  o f  v a r y i n g  t h e  f r e e  energy by 1 and 5 pe rcen t  i s  shown. I n  t h i s  
i l l u s t r a t i o n  the  s i t u a t i o n  appears t o  be bu f fe red ,  and a d r a s t i c  
rearrangement of  t h e  r e l a t i v e  p r o p o r t i o n s  o f  a l l  spec ies  does no t  r e s u l t  
if t h e  s t a b i l i t y  o f  j u s t  one species i s  mod i f ied .  However, i f  one i s  

It i s  seen t h a t  a1 1 
I n  
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( 1 5 ) .  Data f o r  t he  r e s t  o f  the  m ine ra l s  were taken froin the  
work o f  Robie, Hemingway, Schafer,  and H a a s ( l 7 ) .  The c a l c u l a t e d  gas 
phase compos i t i on  i s  g i ven  i n  F i g u r e  5, t o  be compared w i t h  t h a t  shown 
i n  F i g u r e  1. 
and as a whole, t h e  spec ies  concen t ra t i ons  were a l l  reduced by one t o  
two o rde rs  o f  magnitude. 
phases, as seen i n  F i g u r e  6. 
condensed phase, Na SO 
between 1000 and 12$0 2, t h e  sfab?e-condensed phases were Si02, 
p y r o p h y l l  i t e ,  and a1 b i  t e .  A t  temperatures g r e a t e r  than 1220 K, t h e  
stable-condensed phases were s i l i c a ,  a l b i t e ,  and m u l l i t e .  Thus, t h e  r e s u l t s  o f  
complex e q u i l i b r i u m  c a l c u l a t i o n s  can be s i g n i f i c a n t l y  a l t e r e d  by t h e  choice o f  
species.  Cau t ion  must be used when making t h e  s e l e c t i o n ,  and k i n e t i c  f a c t o r s  
and exe r imen ta l  i n f o r m a t i o n  shou ld  be c a r e f u l l y  eva lua ted .  

It i s  seen t h a t  t h e r e  i s  a ma jor  rearrangement o f  species,  

Ma jor  changes a l s o  occured w i t h  t h e  condensed 

A t  temperatures 
Whi le  S i02  remained as t h e  p r imary  

and Na S i  05 were n o t  s t a b l e .  

1 Condensed Phase S o l u t i o n s  

Prev ious  c a l c u l a t i o n s  p e r t a i n i n g  t o  coa l  combust ion have n o t  a l l owed  f o r  
t he  f o r m a t i o n  o f  condensed phase s o l u t i o n s .  S o l u t i o n s  w i l l  obv ious l y  
form when l i q u i d  s i l i c a ,  a l k a l i  s i l i c a t e s ,  and s u l f d t e s  a re  present .  I 

1 

I 
s o l u t i o n  w i l l  r e s u l t ( l 8 ) .  L e t  us now ex tend t h e  b a s e l i n e  c a l c u l a t i o n s  
on F igu res  1 and 2 t o  i n c l u d e  s o l u t i o n  fo rma t ion .  Fo r  l a c k  o f  b e t t e r  
i n fo rma t ion ,  we w i l l  assume i d e a l  s o l u t i o n  behav io r .  The 
sod ium-conta in ing  gas spec ies  formed i n  t h i s  case a re  shown i n  F i g u r e  7. 
I t  i s  seen t h a t  t h e  NaCl c o n c e n t r a t i o n  i s  n o t  a f f e c t e d ,  b u t  n o t i c e a b l e  
changes i n  t h e  behav io r  of  NaOH, Na, and Na2SO4 i s  seen. 
t h e i r  c o n c e n t r a t i o n s  m a i n t a i n  t h e  same q u a l i t a t i v e  behav io r ,  they  a l l  
fo rm i n  l e s s e r  amounts. 
s o l u t i o n  f o r m a t i o n  i s  seen in F i g u r e  8, where t h e  r a t i o  o f  
c o n c e n t r a t i o n  w i t h o u t  s o l u t i o n  fo rma t ion  t o  t h a t  where no s o l u t i o n  i s  
formed i s  shown. 

The r e s u l t s  on F i g u r e  2 show t h a t  s i l i c a  and sodium d i s i l i c a t e  form, and 
the  phase diagrdm i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  c l e a r l y  suggest a 

Whi le  

Another way o f  r e p r e s e n t i n g  the  e f f e c t s  o f  

I 

SUMMARY 

Complex e q u i l i b r i u m  c a l c u l a t i o n s  may be  a very  u s e f u l  t o o l  i n  t h e  s tudy  
o f  m ine ra l  m a t t e r  e v o l u t i o n  i n  a coa l  combustor. K i n e t i c  c o n s t r a i n t s  
must be a p p l i e d  b u t  may be done w i t h i n  t h e  c o n t e x t  o f  e q u i l i b r i u m  
ca lcu la tons ;  k i n e t i c  c o n s i d e r a t i o n s  may be used t o  d e f i n e  a more 
r e a l i s t i c  chemis t r y  f o r  t h e  system. 
an approximate r e p r e s e n t a t i o n  o f  t h e  r e a l  s i t u a t i o n  s ince  n o t  a l l  
p o s s i b l e  chemical  spec ies  can be cons idered i n  a c a l c u l a t i o n  and the  
thermodynamic da ta  f o r  many spec ies  a r e  u n c e r t a i n .  I n  o rde r  t o  u t i l i z e  
t h e  r e s u l t s  o f  complex c a l c u l a t i o n s ,  one must unders tand t h e  caveats and 
u n c e r t a i n t i e s  c r e a t e d  by these problems. 

I t  has been shown t h a t  t h e  q u a l i t a t i v e  behav io r  o f  chemical  spec ies  i s  
f a i r l y  i n s e n s i t i v e  t o  e r r o r s  i n  t h e  thermochemical data.  
concen t ra t i ons  o f  t he  spec ies  can change by o rde rs  o f  magnitude i f  the  f r e e  

E q u i l i b r i u m  c a l c u l a t i o n s  a r e  o n l y  

, 

However, t h e  absolute 



concerned w i t h  abso lu te  concen t ra t i ons ,  g r e a t  care  must be taken t o  use 
accura te  thermochemical data. A r e l a t i v e l y  smal l  e r r o r  o f  1 k c a l  w i l l  

magnitude i s  r e a l i z e d  i f  a 5 kca l  e r r o r  i n  assumed. I f  t h e  i n t e r e s t  i s  
i n  observ ing  changes t h a t  occur as parameters a r e  v a r i e d  (i .e., t h e  
movement of  phase boundar ies) ,  t h e r e  i s  a smal l  e r  s e n s i t i v i t y  t o  
e r r o r s  i n  the  data.  

E r r o r s  i n  data can a l s o  r e s u l t  f rom t h e  m i s r e p r e s e n t a t i o n  o f  t he  data i n  
t h e  computer programs. Codes are  g e n e r a l l y  c o n s t r u c t e d  t o  be of  gener ic  
use, and thus, a genera l i zed  approach t o  r e p r e s e n t i n g  t h e  da ta  i s  used. 
Fo r  example, t he  NASA CEC code(4)  and the  Sandia c o d e ( l 2 )  use 
mu1 t i p l e - o r d e r  po lynomia l  f i t s  over  two-temperature ranges t o  rep resen t  
t h e  data. When d e a l i n g  w i t h  complex condensed-phase m ix tu res ,  t h e  f r e e  
energ ies  must be equal a t  t r a n s i t i o n  temperatures.  F a i l u r e  t o  cons ide r  
t h i s  c o n s t r a i n t  w i l l  r e s u l t  i n  an obvious e r r o r ,  such as a phase 
p r e d i c t e d  t o  be p resen t  under c o n d i t i o n s  c l e a r l y  o u t  o f  i t s  s t a b i l i t y  
range (e.g., a s o l i d  phase p r e d i c t e d  a t  temperatures above the  m e l t i n g  
p o i n t ) .  

1 change t h e  concen t ra t i on  by a f a c t o r  o f  two, and il change o f  two o rde rs  o f  

Species Conside.red i n  t h e  C a l c u l a t i o n  

Complex e q u i l i b r i u m  c a l c u l a t i o n s  a re  u s u a l l y  conducted w i t h  o n l y  a f e w  
spec ies  f o r  severa l  reasons. F i r s t  and foremost,  t h e r e  a r e  n o t  many 
accura te  s e l f - c o n s i s t e n t  data.  Also,  c a l c u l a t i o n s  can become very  t ime  
consuming, and t h e  p o s s i b i l i t y  o f  poor convergence behav io r  inc reases  

minor amounts( l4) .  

When a p p l y i n g  e q u i l i b r i u m  c a l c u l a t i o n s  t o  t h e  study o f  m ine ra l  ma t te r  
behav io r ,  one s e l e c t s  o n l y  a few spec ies  t o  cons ide r  by making 

, .  assumptions concern ing  t h e  r e a c t i v e  chemis t r y  o f  t h e  system. Fo r  
example, aluminum i s  o f t e n  found i n  coa l  b u t  i s  u s u a l l y  n o t  cons idered 
i n  t h e  c a l c u l a t i o n s  because i t  i s  assumed t o  be p resen t  i n  k i n e t i c a l l y  
and thermodynamical ly i n e r t  forms, such as a l u m i n o - s i l i c a t e s .  I f ,  
however, A1 i s  cons idered i n  the  c a l c u l a t i o n ,  a s i g n i f i c a n t  change i n  
t h e  c a l c u l a t e d  r e s u l t s  c o u l d  occur.  

To i l l u s t r a t e  the  p o i n t ,  l e t  us repea t  t h e  e q u i l i b r i u m  c a l c u l a t i o n s  o f  
F igu res  1 and 2, t h i s  t ime  a l l o w i n g  t h e  f o l l o w i n g  aluminum-containing 
spec ies  t o  form: 

gas phase: 

s o l i d  phase: Al203, A1 S i 2 0 3 ( m u l l i t e ) ,  

1, w i t h  the  number o f  species,  e s p e c i a l l y  i f  many spec ies  a r e  p resen t  i n  

I 

A I ,  A10, A120, A l O H ,  A12C16 

A12Si29HqPkao l in i te ) ,  NaAlSi206 NaA1 j a e d i t e ) ,  . 
A1 Si ,+012H2(pyrophyl l  i t e ) ,  A12Si05( kyan i  t e ) ,  

\ N a i l  S130g(al b i  t e )  

Fo r  o u r  c a l c u l a t i o n s ,  t h e  thermochemical da ta  f o r  A l ,  A10, A120, 
A l O H ,  A12Cl6, Al203, m u l l i t e ,  and NaA102 were taken f rom JANAF 



energy o f  f o rma t ion  i s  v a r i e d  by J u s t  a few pe rcen t .  
t h e  fo rma t ion  o f  condensed phase s o l u t i o n s  w i l l  a l s o  change the  abso lu te  
concen t ra t i ons  s u b s t a n t i a l l y ;  however, t h e  q u a l i t a t i v e  behav io r  i s  riot 
a f f e c t e d  as much. 
o f  p roduc t  spec ies  can be s t r o n g l y  i n f l u e n c e d  by t h e  s e l e c t i o n  o f  species 
t o  be cons idered i n  t h e  c a l c u l a t i o n .  

F a i l u r e  t o  account fo r  

The q u a l i t a t i v e  and q u a n t i t a t i v e  behav io r  
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1 TABLE I 
Chemical a n a l y s i s  o f  Pennsy lvan ia  #2 seam semian th rac i te  coa l  
(PSOC #627, p rov ided  by Pennsy lvan ia  S t a t e  coa l  da ta  base) 

Elemental  Anal s i s  (dry) 
77.08% %on 

2.61 hydrogen 

.52 o rgan ic  s u l f u r  

.39 oxygen 

.01 c h l o r i n e  
18.67 m ine ra l  m a t t e r  

I 1  .73 n i t r o g e n  

I 

\ 

- A n a l y s i s  o f  HTA d ry  coa l  
68. 5O%-siO2 
22.80 A1 03 

2.93 T i 6 2  
2.55 Fe 03 

.31 Mg6 

.33 CaO 

.16 Na20 

.06 P 05 
1.66 K20 

.25 d3 

TABLE I 1  
Chemical Species Considered i n  Complex E q u i l i b r i u m  C a l c u l a t i o n s  

Gaseous CO C02 C1 C1 C10 H H20 HC1 H2S 
Species Na Fla2 NaCl 6azC12 NaH H$aOH NazS04 

0 02 OH S S2 SO SO2 SO3 S i 0  Si02 S i S  1 

Condensed C NaCl NaOH Na20 Na2S 
Species Na2S04 Na2Si03 Na2Si205 S i02  S i c  S i  
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